Introduction
============

Post-weaning diarrhea (PWD) and edema disease (ED) in weaned piglets cause serious economic losses due to diarrhea, growth retardation, and mortality \[[@B12][@B15]\]. Enterotoxigenic *Escherichia coli* (ETEC) and Shiga-like toxin-producing *E. coli* (STEC) are important causes of PWD and ED, respectively. Their pathogenicity involves adherence of the bacteria to the small intestine via specific adhesion factors (fimbriae) and production of several enterotoxins responsible for the disease.

ETEC produces heat-labile (LT) and heat-stable (ST) toxins, and ST toxin is subdivided into STa and STb types \[[@B11]\]. STEC, also called verotoxin-producing *E. coli*, produces the Stx2e variant, which causes systemic vascular damage resulting in ED \[[@B18]\]. In addition, ETEC and STEC can produce one or more fimbriae: F4 (K88), F5 (K99), F6 (987P), F18, and F41 (F7). Fimbriae have a significant role in adhesion to intestinal mucosa and epithelial cells \[[@B4]\].

Although a variety of O-serogroups have been associated with colibacillosis, a limited number of serogroups have been reported in PWD and ED of piglets. The most commonly reported O-serogroups involved in PWD worldwide are O8, O141, and O149. Additionally, the O-serogroups related to ED are O138 and O139 \[[@B12][@B14]\].

F18 fimbriae are usually detected in *E. coli* isolated from weaned piglets, and they are subtyped into two antigenic variants, F18ab (F107) and F18ac (2134P, 8813) \[[@B12][@B14][@B15]\]. F18ab is often associated with strains producing Stx2e, which causes ED, whereas F18ac is associated with ETEC causing PWD \[[@B9]\]. Recently, a new F18 variant (F18new) was identified in *E. coli* isolated in Germany \[[@B2]\] and Korea \[[@B5]\].

The frequency of these virulence factors is known to vary over time \[[@B8][@B13][@B17]\]. Identification of the virulence profiles of *E. coli* is important because the information regarding the prevalence of pathogenic *E. coli* strains expressing specific fimbriae and enterotoxins is essential for controlling colibacillosis. There are many studies regarding the prevalence of virulence factors in pathogenic *E. coli* \[[@B7][@B10][@B21]\], but few studies have examined annual changes in virulence traits of *E. coli* in Korea. The objectives of this study were to determine the prevalence of the O-serogroups, fimbriae, enterotoxins, and F18 subtypes among pathogenic *E. coli* isolated from weaned piglets with diarrhea from 2008 to 2016.

Materials and Methods
=====================

*Escherichia coli* isolates
---------------------------

Between 2008 and 2016, 362 *E. coli* isolates were obtained from weaned piglets showing symptoms of ED or PWD. The sampled farms consisted of 100 different pig herds (50 to 100 sows per each herd) and were located in three areas: northern (24 farms encompassing the Gangwon, Gyeonggi, and Incheon provinces), middle (26 farms, Chungbuk and Chungnam provinces) and southern (50 farms, Chonbuk, Chonnam, Gyeongbuk, and Gyeongnam provinces) South Korea. Strains were not collected repeatedly from the same farm. The aseptically collected intestinal contents and feces were inoculated on MacConkey agar (BBL; Fisher Scientific, USA) and blood agar (Asan Pharmaceutical, Korea). After overnight incubation at 37℃, only pure or nearly pure cultured colonies were selected and transferred to blood agar. Suspected colonies were identified as *E. coli* by using the VITEK II system (bioMéreiux, France). Hemolysis was also determined in blood agar. The tested isolates were stored in 20% glycerol at −70℃, until further characterization.

Reference strains and O-serogroups
----------------------------------

Reference *E. coli* strains provided by Dr. J.M. Fairbrother (reference laboratory of *E. coli*, Canada) were used as positive controls for polymerase chain reaction (PCR) analysis. The strains included 7805 (F4:LT:STa:STb:EAST1:Paa), 661 (Stx1:Stx2:eae:EAST1:Paa), 1033 (F18:AIDA), 2316 (F6:STa: STb:EAST1:Paa), 13316 (F5:F41:STa:Paa), and 3463 (negative control). The O-serogroup typing was performed using the slide agglutination technique in an Animal and Plant Quarantine Agency (Korea) using rabbit antisera purchased from Serum Staten Institute (Denmark).

Determination of virulence genes
--------------------------------

The *E. coli* genes for the toxins (LT, STa, STb, and Stx2e) and fimbriae (F4, F5, F6, F18, and F41) were amplified by PCR, which was performed using previously described protocols \[[@B4]\]. Bacterial colonies were suspended in 200 µL of distilled water and boiled for 10 min. After centrifugation at 8,000 × g, the supernatant was used as a template for PCR. The reaction volume (20 µL) was composed of 2 × EmeraldAmp Master Mix (Takara, Japan), 2 µM of each primer, and 3 µL of DNA template. After amplification, the products were visualized by electrophoresis in 2% agarose gels stained with ethidium bromide.

Real-time PCR assay to discriminate between F18 subtypes
--------------------------------------------------------

To discriminate among the F18 subtypes, a set of oligonucleotide primers and four probes were designed by comparing *FedA* sequences in GenBank \[[@B5]\]. Real-time PCR was performed using a CFX Connect Real-time PCR Detection System (Bio-Rad Laboratories, USA) with a reaction volume of 20 µL that contained a 2 µL template, 2× SensiMastermix (Génepole, France), 1 µM of each primer, and 0.5 µM of each probe. The thermocycling profile was 95℃ for 3 min, followed by 40 cycles of 95℃ for 20 sec and 64℃ for 25 sec.

Results
=======

Serogroups and hemolytic activity
---------------------------------

[Table 1](#T1){ref-type="table"} shows the annual prevalence of O-serogroups and hemolytic activity of *E. coli* isolated from weaned piglets sampled during the 9 study years in Korea. Among the 51 serogroups determined in the present study, O149 (11.3%) and O139 (9.4%) were predominant, followed by O157 (4.1%), O182 (3.6%), and O14 (3.3%). The results show that the frequency of the O-serogroups changed over time. Over the 9 study years in Korea, the most prevalent serogroup in weaned piglets was O149. However, the proportion of O139 has increased over time, rising from 0.7% (2008--2010) to 12.0% (2012--2013) and finally 19.1% (2015--2016) prevalence. In contrast, the proportion of O157 has decreased over time, and in recent years (2015--2016), O157 was not detected. Interestingly, O182 and O14 were not detected from 2008 to 2010. However, in 2012--2013, their proportions had notably increased (7.2% and 6.4%, respectively).

[Table 1](#T1){ref-type="table"} further shows the annual relationship between the O-serogroups and hemolytic activity. There were no significant differences in the relationship between serogroups and hemolytic activity over time, except for O149. The degree of association between O149 and hemolysis decreased over time. From 2008 to 2010 and 2012 to 2013, 16 of 17 O149 isolates (94.1%) and 14 of 16 O149 isolates (87.5%) showed hemolytic activity, respectively. However, from 2015 to 2016, only 3 of 8 O149 isolates (37.5%) showed hemolytic activity. Serogroup O139 (27 of 34 isolates, 79.4%) and O157 (12 of 15 isolates, 80.0%) were highly correlated with the presence of hemolytic activity. However, O182 showed a lower association with hemolytic activity (4 of 13 isolates, 30.8%).

Adhesin and toxin genes
-----------------------

The annual prevalences of *E. coli* fimbrial antigen and toxin genes isolated from weaned piglets in Korea between 2008 and 2016 are shown in [Table 2](#T2){ref-type="table"}. During the 9 study years, the most prevalent fimbrial antigen was F18 (43.1%), followed by F4 (20.2%). F18 was the most prevalent antigen in all years evaluated, accounting for 43.4% (2008--2010), 44.0% (2012--2013), and 41.5% (2015--2016) of total prevalence. Unlike F18, the frequency of F4 and F41 changed over time. F4 was detected in 29 isolates in 2008--2010 (20.3%) and 29 isolates in 2012--2013 (23.2%). However, in 2015--2016, only 15 isolates (16.0%) expressing F4 were detected. In contrast, F41 was only detected in 2 isolates in 2008--2010 (1.4%) and 1 isolate in 2012--2013 (0.8%). However, in 2015--2016, 5 isolates (5.3%) expressing F41 were detected.

The most prevalent toxin gene in the 9 study years in Korea was STb (163 isolates, 45.0%), followed by LT and STa (both, 121 isolates, 33.4%). From 2012 to 2013, the frequencies of toxin genes changed dramatically. The frequency of STb in 2012--2013 (75 isolates, 60.0%) was higher than that detected in 2008--2010 (51 isolates, 35.7%) as well as in 2015--2016 (37 isolates, 39.4%). Furthermore, the frequency of Stx2e was lower in 2012--2013 (10 isolates, 8.0%) than in 2008--2010 (51 isolates, 35.7%) and 2015--2016 (33 isolates, 35.1%).

Combination of toxin and adhesion
---------------------------------

The annual frequencies of pathotypes and virotypes (combination of toxin and fimbrial adhesion genes) are shown in [Table 3](#T3){ref-type="table"}. In all study years, ETEC was the predominant pathotype. There were some changes in the frequencies of pathotypes and virotypes depending on the year. The frequency of ETEC was higher from 2012 to 2013 (115 isolates, 92.0%) than in other years. In 2008--2010, ETEC/STEC (32 isolates, 22.4%) was detected more frequently than was STEC (23 isolates, 16.1%). However, in 2015--2016, STEC (22 isolates, 23.4%) was detected more frequently than was ETEC/STEC (11 isolates, 11.7%).

Virotypes in pathotypes, particularly in ETEC and ETEC/STEC, also changed over time. The most prevalent virotype in the 9 study years in Korea was F4:LT:STb (40 isolates, 11.0%), followed by STb (39 isolates, 10.8%), which were both in ETEC. The frequency of F4:LT:STb was higher in 2012--2013 (24 isolates, 19.2%) than in the other years. In 2015--2016, the most prevalent virotype among ETEC changed to STb (9 isolates, 9.6%), followed by STa:STb (8 isolates, 8.5%), while the frequency of F4:LT:STb decreased (3 isolates, 3.2%). Among ETEC/STEC, the most prevalent virotype was F18:LT:STa:Stx2e in 2008--2010 (17 isolates, 11.9%). After 2012, however, no virotype was distinctly prevalent in ETEC/STEC.

F18 antigenic variants
----------------------

The annual prevalences of the F18 antigenic variants are listed in [Table 4](#T4){ref-type="table"}. The F18 subtype frequencies changed in a time-dependent manner. The most prevalent antigenic variant in the 9 study years in Korea was F18ac (94 isolates, 60.3%), followed by F18ab (42 isolates, 26.9%). F18ac was detected in 40 isolates between 2008 and 2010 (64.5%) and in 36 isolates between 2012 and 2013 (65.5%). However, from 2015 to 2016, only 18 isolates (46.2%) expressing F18ac were detected. The frequency of the F18new variant decreased over time, accounting for 11.3% (7 isolates, 2008--2010), 7.3% (4 isolates, 2012--2013), and 5.1% (2 isolates, 2015--2016) of isolates.

The relationship between the F18 subtype and pathotype also changed. Generally, F18ab isolates were primarily found in STEC, while F18ac isolates were found in ETEC. From 2008 to 2010, F18ab isolates were only detected in STEC. In 2012--2013, 32 of 36 F18ac isolates (88.9%) were detected in ETEC. Unexpectedly, from 2012 to 2013, most F18ab isolates (10 of 11 isolates, 90.9%) were detected in ETEC. From 2008 to 2010, F18new variant isolates were commonly detected in STEC (4 of 7 isolates, 57.1%). However, from 2012 to 2013, 3 of 4 F18new variant isolates (75.0%) were detected in ETEC. Some isolates were F18 non-typeable, and between 2008 and 2010, they were only detected in ETEC/STEC. In contrast, after 2012, they were only detected in ETEC. The most prevalent virotype in F18ac was F18ac:LT:STa:Stx2e (19 of 94 isolates, 20.2%) while that in F18ab was F18ab:Stx2e (26 of 42 isolates, 61.9%).

Discussion
==========

The O-serogroup is considered one of the major virulence factors of *E. coli*. Although a variety of O-serogroups has been associated with diarrhea, only a limited number of serogroups has been reported in PWD and ED \[[@B3][@B12][@B14][@B15][@B29]\]. In the present study, 51 O-serogroups were detected over 9 recent years in Korea, and only 5 serogroups (O149, O139, O157, O182, and O14) accounted for 31.7% of the typeable isolates. Among these, O139, O157, and O149 were frequently detected, as is the case in other countries. In particular, O149 and O139 are known to be associated with PWD and ED, respectively \[[@B12][@B15]\].

The frequency of O-serogroups can vary from one area to another and in some specific regions, the frequency can fluctuate over time. The prevalence of and temporal changes in O-serogroups in the 9 study years in Korea are presented in [Table 1](#T1){ref-type="table"}. The predominant serogroup in weaned piglets over those 9 years in Korea was O149 indicating that there are ongoing risks for PWD in Korea. The O149 serogroup has been determined to be the dominant serogroup in cases of PWD in many countries including China and Canada \[[@B8][@B25]\]. Although only one isolate was detected in 2008--2010, the frequency of O139 isolates increased over time, and finally, the frequency of O139 was highest from 2015 to 2016 (19.1%). This is in accordance with the results of Kusumoto et al. \[[@B20]\], which indicated that O139 was the predominant serogroup in Japan in 2010--2014. O139 is reported to be associated with ED, and our results indicate that the risk of ED has increased in weaned piglets in Korea. Generally, O157 can be detected in piglets worldwide \[[@B20][@B28]\] including Korea \[[@B22][@B23]\]. Kwon et al. \[[@B22]\] indicated that O157 and O8 were the predominant O-serogroups in Korea from 1995 to 1997. We detected O157 in 9.1% of isolates from 2008 to 2010. However, no O157 isolates were found in 2015--2016. It is apparent that the predominant serogroup has shifted from O157 to O139 during the 9 study years on Korean farms. In O139, O182, and O14, the frequency of O-rough groups (OR) increased simultaneously. This may be due to the influence of antibiotic use. In Korea, feed-additive antibiotic growth promoters (AGPs) were frequently used. However, in July 2011, all AGPs were banned. Before this time, AGPs may have suppressed several O-serogroup antigen strains \[[@B6][@B19][@B26]\]. However, after this time, some O-serogroup-positive isolates have re-emerged.

Hemolysis provides selective advantages related to survival in the swine intestine and local environment. It is also associated with O-serogroups \[[@B24][@B30]\]. In the present study, O149 (80.5%, 33/41), O139 (79.4%, 27/34), and O157 (80.0%, 12/15) were highly correlated with the presence of hemolytic activity. Among these, O149 demonstrated temporal changes in its relationship with hemolysis. From 2008 to 2010, 16 of 17 isolates (94.1%) in O149 demonstrated hemolytic activity. However, from 2015 to 2016, just 3 out of 8 isolates (37.5%) exhibited hemolytic activity. Although O149 is known to be closely associated with hemolytic activity \[[@B1]\], the present study indicates that O149 isolates may have no relationship with hemolysis. Moreover, this implies that the relationship between hemolysis and O-serogroups can change over time. Thus, time-dependent changes in the relationship between O-serogroups and hemolysis could affect the effectiveness of diagnosing pathogenic *E. coli* causing colibacillosis.

The detection of *E. coli* virulence factors is important for diagnosing and establishing preventative measures for colibacillosis \[[@B13]\]. F4 and F18 fimbriae have been frequently detected in weaned piglets in several countries such as China, Japan, Europe, and USA \[[@B9][@B20][@B24][@B30]\]. According to a previous study, the most predominant fimbrial antigen in weaned piglets in Korea was F18 \[[@B21]\]. In the present study, the most prevalent fimbrial antigen over the 9 study years in Korea was F18 (43.1%) followed by F4 (20.2%). The frequencies of F4 decreased in 2015--2016 (16.0%) compared with that in 2012--2013 (23.2%). In contrast, the frequency of F41 has increased over the years, and it accounted for 5.3% of all isolates in 2015--2016. In Korea, inactivated vaccines for sows have been used countrywide. These vaccines contain *E. coli* whole cells with F4 and F18 \[[@B7]\], and such usage may have decreased the frequency of F4 and F18 and caused the emergence of new adhesin antigens such as F5, F6, and F41.

In 1999 and 2000, STa was reported as the most prevalent toxin gene in Korea \[[@B27]\]. However, during the 9 years of the present study, STb (44.9%) was identified as the most prevalent toxin gene followed by STa (33.4%). This is an agreement with the results of Kusumoto et al. \[[@B20]\] and Zhang et al. \[[@B30]\] who also observed that STb was the most prevalent toxin isolated from diarrheic piglets in Japan and the USA, respectively. There were some temporal changes in the frequency of the toxin genes; the frequencies of LT, STa, and STb, which are associated with ETEC, decreased in 2015--2016 compared to those in 2012--2013. In contrast, the frequency of Stx2e significantly increased (8.0% to 35.1%). Stx2e is a major virulence factor that causes ED \[[@B1][@B16]\]. These results indicate that the incidence rate of ED in weaned piglets in Korea has increased.

The clinical symptoms of colibacillosis vary depending on the pathotype of infective *E. coli* \[[@B28]\]. According to Lee et al. \[[@B23]\], the most predominant pathotype in Korea was EPEC. Over the 9 years of this study, ETEC has become the most predominant pathotype in weaned piglets (61.3%). Regarding temporal changes in pathotypes, ETEC was the most prevalent pathotype over time; particularly, in 2012--2013, its frequency significantly increased (92.0%). In July 2011, AGPs were banned in Korea. Before this prohibition, AGPs may have suppressed many ETEC. Subsequently, previously suppressed ETEC may have appeared suddenly, resulting in a large increase in ETEC.

Although ETEC/STEC encodes Stx2e, these strains typically induce diarrhea rather than ED. The frequencies of ETEC/STEC have decreased from 22.4% (32 isolates, 2008--2010) to 11.7% (11 isolates, 2015--2016). In contrast, the frequency of STEC has increased to 23.4% (22 isolates) and was the second most predominant pathotype in 2015--2016. STEC is associated with ED \[[@B25]\], indicating an increased potential for ED occurrence in weaned piglets in Korea. The high frequency of O139 ([Table 1](#T1){ref-type="table"}) supports this hypothesis.

The relationship between the O-serogroup and STa:STb with unknown fimbrial adhesin remains unclear \[[@B12]\]. In this study, STa:STb appeared in Korea after the ban on AGPs and 8 of 20 strains (40.0%) were from the O182 serogroup. This highlights the presence of a relationship between STa:STb and the specific O-serogroup O182.

*E. coli* contain many virulence factors appearing in various combinations. In this study, the most predominant virotype changed over time. From 2008 to 2013, F4:LT:STb and STb were the most prevalent virotypes in ETEC. In contrast, STb (9 isolates, 9.6%) and STa:STb (8 isolates, 8.5%) were the most prevalent in 2015--2016. Virotypes STb and STa:STb contain no fimbrial antigen. It may be proposed that the use of *E. coli* vaccines, which target fimbrial antigens, can cause the production of new fimbrial adhesin or non-fimbrial adhesin \[[@B7]\], but this has not been examined. Further studies are needed to clarify this phenomenon.

F18ab is usually associated with strains producing Stx2e (STEC), and F18ac is known to be associated with ETEC, which causes PWD \[[@B25]\]. In recent years, the F18new variant has been detected in Germany \[[@B2]\] and Korea \[[@B5]\]. F18ac was the most prevalent subtype in weaned piglets in the 9 years of the present study. However, the frequency of F18ac decreased over time, and in 2015--2016, its prevalence was only 46.2%. In contrast to F18ac, the frequency of F18ab has increased over time. Based on these results, we perceive that the risk of ED in Korea is increasing.

Relationships between pathotypes and F18 subtypes have been reported \[[@B25]\]. Generally, F18ab isolates are primarily found in STEC and F18ac is found in ETEC \[[@B9]\]. We observed a similar correlation in the case of F18ac; however, in the case of F18ab, we obtained interesting results. According to Ha et al. \[[@B16]\], from 1996 to 2002, there was a strong correlation between F18ab and STEC. In the present study, although F18ab was exclusively detected in STEC from 2009 to 2013, 2 of 16 F18ab isolates (12.5%) were detected in ETEC from 2015 to 2016, indicating that F18ab is also associated with ETEC. We do not know the cause of this phenomenon, but we suggest that previous antibiotic use could have affected the association of F18ab and pathotype.

From 2007 to 2016, we detected 7 isolates that were non-typeable (F18nt). The relationship between F18nt and pathotype was similar to that of F18ac. During the 9 study years, 57.1% (4/7) of F18nt isolates were in ETEC and 42.9% (3/7) were in ETEC/STEC. Similarly, 63.8% (60/94) of F18ac isolates were in ETEC, 34.0% (32/94) were in ETEC/STEC, and 2.1% were in STEC. Thus, F18nt may be an antigenic variant of F18ac rather than of F18ab.

In this study, the virulence traits of *E. coli* isolated from diarrheic weaned piglets in Korea over a period of 9 years were analyzed. The results can be a source of valuable data for investigating the epidemiology of and control measures for enteric colibacillosis in Korean piggeries.
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###### O-serogroups and hemolytic activity of 362 *Escherichia coli* recovered from weaned piglets with diarrhea in Korea during 2008--2016
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OR, O-rough groups (non-specific reaction); NT, not serogroupable; −, not detected. ^\*^Other serogroups (No. of total isolates): O1 (2), O2 (3), O4, O7 (2), O8 (9), O9 (3), O10 (9), O11, O20 (2), O24, O26, O28, O35 (10), O39 (2), O45, O50 (2), O51 (2), O60, O71, O73, O76 (2), O86, O91 (2), O97, (2), O98 (5), O100 (4), O101 (2), O103, O106, O107, O109 (2), O110, O111 (6), O114, O115 (2), O117, O120, O121, O127, O136 (3), O141 (2), O146 (2), O153, O154, O168, O174 (2).

###### Prevalence of fimbriae and toxin genes among 362 *Escherichia coli* recovered from weaned piglets with diarrhea in Korea during 2008--2016
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−, not detected; LT, heat-labile toxin; ST, heat-stable toxin.

###### Temporal comparison of pathotypes of 362 *Escherichia coli* recovered from weaned piglets in Korea during 2008--2016
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ETEC, enterotoxigenic *E. coli*; LT, heat-labile toxin; ST, heat-stable toxin; STEC, Shiga-like toxin-producing *E. coli*; −, not detected. ^\*^Others (No. of total isolates): LT:STb (7), F4:STa:STb (7), F4:STb (6), F4 (5), F18:STa:STb (5), F18:LT:STb (4), F5:STa (3), LT:STa:STb (2), STa (2), F4:F18 (2), F41 (2), F4:F18:LT:STa:STb (2), F4:F41:LT:STa (2), F18:STb, F41:LT:STb, F4:F18:STa:STb, F6:STa:STb, F41:STa:STb, LT, F18:F41:LT:STb, F4:LT:STa. ^†^Others (No. of total isolates): LT:Stx2e, F4:STa:STb:Stx2e, F18:LT:Stx2e, F4:LT:STb:Stx2e, F4:LT:Stx2e, F4:STa:Stx2e, F18:LT:STb:Stx2e, LT:STa:STb:Stx2e, LT:STa:Stx2e, F18:STb:Stx2e, STa:STb:Stx2e, F4:F18:LT:STa:STb:Stx2e, F4:F41:STa:STb:Stx2e.

###### Distribution of 156 pathogenic *Escherichia coli* encoding F18 variants recovered from weaned piglets with diarrhea in Korea during 2008--2016
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ETEC, enterotoxigenic *E. coli*; STEC, Shiga-like toxin-producing *E. coli*; ST, heat-stable toxin; LT, heat-labile toxin; −, not detected; F18nt, F18 non-typeable.
